Purpose: Liver is regarded as one of the primary target organs for zinc oxide nanoparticles (ZnONPs) toxicity. Since liver represents the leading site for de novo cholesterol biosynthesis in mammals, the injuries of liver could result in the disruption of cholesterol biosynthesis. In this study, we aimed to investigate whether pulmonary ZnONPs exposure induces disturbance of cholesterol biosynthesis in mouse liver. Methods and results: Our data demonstrated intratracheally instilled with a single dose of 3, 6, and 12 μg/animal ZnONPs could induce histopathological deterioration in mouse liver in a dose-related manner at 3 days, but remission was observed at 7 days after treatment. Moreover, ZnONPs caused the disturbance of cholesterol biosynthesis by increasing both 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase and sterol regulatory elementbinding protein 2 (SREBP2) protein expressions. To further reveal the underlying toxic mechanisms, we detected the biomarkers of autophagy and found that pulmonary ZnONPs exposure led to the elevation of LC3B-II and Beclin 1, suggesting ZnONPs might trigger autophagy in liver tissues. By using both beclin 1 +/+ and beclin 1 +/mice, we demonstrated that inhibition of autophagy by heterozygous disruption of beclin 1 attenuated the disturbance of cholesterol biosynthesis induced by ZnONPs in liver. Conclusion: Pulmonary exposure of ZnONPs would induce the cholesterol biosynthesis disturbance in mouse liver through Beclin-1-dependent autophagy activation, suggesting that inhibition of autophagy may contribute to preventing the cholesterol biosynthesis disturbance and its associated pathologies induced by ZnONPs in liver.
Introduction
Zinc oxide nanoparticles (ZnONPs) are the primary nanoscale materials and widely used in industrial products, including cosmetics, rubber, textile, imaging, food packaging, and additive. 1 The annual production volume of ZnONPs grows exponentially and ranks third-highest in worldwide. 2 Release of ZnONPs from industrial and household products into the environment may pose a severe threat to human health.
The bio-distribution research has revealed that ZnONPs can be translocated from entry portals into circulatory systems, then ultimately to various body organs, such as brain, liver, heart, and kidney. 3, 4 Liver has been considered as one of the primary target organs for ZnONPs toxicity. Cholesterol is an essential biochemical molecule that serves as a vital part of membrane structure and as a precursor for the synthesis of steroid hormones, bile acids and vitamin D. 5 Nearly half of the cholesterol in the body derives from biosynthesis de novo. Moreover, biosynthesis and utilization of cholesterol must be tightly regulated within the body to avoid over-accumulation. 5 Of particular clinical importance is the over-accumulation of cholesterol that may eventually result in the various artery disorders, such as atherosclerosis. 6 Since biosynthesis of cholesterol in liver accounts for most of the amount produced each day, 5 the injuries in liver induced by exogenous substances, such as ZnONPs, may undoubtedly affect the biosynthesis of cholesterol.
Beclin 1, the mammalian orthologue of yeast autophagy-related gene 6 (Atg6), is a central regulator of autophagy. 7 Therefore, detection of beclin 1 is used to monitor autophagosome formation and autophagic flux. Importantly, increased beclin 1 expression and elevated autophagy were also observed in sphingolipid storage diseases characterized by disrupted cholesterol and sphingolipid trafficking. 8, 9 A recent study has found the novel evidence that autophagy can promote lipid droplet formation in a beclin 1-dependent manner. 10 In the present study, we aimed to investigate whether pulmonary ZnONPs' exposure induced disturbance of cholesterol biosynthesis in liver. To reveal the toxic mechanisms involved, by using both beclin 1 +/+ and beclin 1 +/mice, our results further demonstrated that inhibition of autophagy by heterozygous disruption of the beclin 1 relived the disturbance of cholesterol biosynthesis induced by ZnONPs in mouse liver. These findings together indicate therapeutic strategies to inhibit autophagy may provide a new approach to prevent the cholesterol biosynthesis disturbance and its associated pathologies in liver induced by ZnONPs.
Materials and Methods

Chemicals and Reagents
Zinc oxide nanoparticles (ZnONPs), less than 50 nm particle size, were purchased from Sigma Aldrich Chemical Co. (MO, USA). Cy3 AffiniPure Goat anti-Rabbit IgG (H + L) was from EarthOx Life Sciences (CA, USA). Immobilon Western Chemiluminescent HRP Substrate, RIPA lysis buffer, phenylmethanesulfonylfluoride (PMSF) and bicinchoninic acid (BCA) assay kit were all purchased from Beyotime Institute of Biotechnology (Shanghai, China). β-actin antibody was obtained from ABclonal Biotechnology (MA, USA). Antibodies against HMG-CoA, LC3B, and p62 were all from Abcam Co. (Cambridge, UK). Beclin 1 antibody was purchased from Cell Signaling Technology (Beverly, MA, USA). GAPDH antibody was obtained from Bioss Biotechnology Co., Ltd. (Beijing, China). SREBP2 antibody was from Novus Biologicals Inc. (Littleton, CO, USA).
Animal Husbandry
All animal experiment procedures were approved by the Institutional Animal Care and Use Committee of Chongqing Medical University. All procedures were conducted following the guidelines contained in the guide for the care and use of laboratory animals. All the treatments were performed gently and all efforts were made to minimize animal suffering. Healthy-specific pathogen-free adult male C57BL/6J mice, aged 8-10 weeks and weighed 22-25 g, were purchased from Experimental Animal Center of Chongqing Medical University [Chongqing, China, license numbers: SCXK(Yu)2012-001]. Mice were housed in standard polycarbonate animal cages with five animals per cage in a controlledspecific pathogen-free environment. The animals' room was maintained a 12:12 hrs light-dark cycle, at an ambient temperature of 23 ± 1°C and 55 ± 10% humidity. The animals were free to access to standard mouse chow and tap water provided. Beclin 1 +/− mice on a C57BL/6J background were obtained from the laboratory of Beth Levine 11 and their corresponding age and weight-matched wild-type littermates were used as controls. Both the wild-type (beclin 1 +/+ ) and beclin 1 +/− mice were sacrificed at the same time points for the designed experiments.
Characterization of ZnONPs and Preparation
The characteristics of ZnONPs, such as level of agglomeration, chemical elemental composition, size, and zeta potential, were all detected and described in detail in our previous work. 12 To prepare the suspended solution, ZnONPs were diluted in 2% heat-inactivated sibling mouse serum in MilliQ water and sonicated with an ultrasonic cleaner set at 20% of the maximum amplitude (SB-5200DT, Ningbo Scientz Biotechnology Co., Ltd, Ningbo, China) for 20 mins in an ice water bath. To minimize agglomeration and ensure their homogeneity, ZnONPs were freshly prepared each time before use. Vehicle solution was also prepared by sonication of 2% heat-inactivated sibling mouse serum in MilliQ water in the same ways.
Intratracheal Instillation of ZnONPs
Animals were intratracheally instilled with a single dose of 3, 6 and 12 μg/animal ZnONPs, respectively. The concentrations of ZnONPs used in the present study were calculated according to the current Chinese occupational exposure limit of ZnONPs at 3 mg/m 3 . The calculation process was shown in our previous study. 12 After anesthetizing with 1% pentobarbital sodium, the animals were placed on their back on a 40degree slope. The trachea of mice was intubated by an insyte catheter (Becton & Dickinson Co., NJ, USA) with a shortened needle. Suspended ZnONPs solution (50 μL) was instilled followed by air (150 μL) with a syringe. Mice were gently placed on the 37°C heating plate and kept their head up until proper breathing and full recovery from anesthesia. After ZnONPs treatment, animals were sacrificed after 1, 3 or 7 days under anesthesia. The liver tissues were quickly collected, and one part of tissue was immersed in the 4% paraformaldehyde used for hematoxylin-eosin staining and immunofluorescence assay, the other part of tissue was used for Western blot assay. The beclin 1 +/− mice and wild-type littermates (beclin 1 +/+ mice, age and weight matched) were treated with ZnONPs at the concentration of 12 μg/animal and the liver tissues were collected at day 3 after intratracheal instillation.
Hematoxylin-Eosin Staining
Hematoxylin-eosin (H&E) staining on the liver tissues was performed as described previously. 13 Briefly, the tissues were dissected immediately and fixed in the 4% paraformaldehyde. The sections were prepared by using standard pathology slide preparation procedures. Sections were deparaffinized by xylene and dehydrated in the gradient concentrations of ethanol. Then, sections were stained with hematoxylin for 5 mins and rinsed with distilled water. After staining with eosin for 1 min, sections were washed and subjected to dehydration in ethanol, trans-parented in xylene and mounted with neutral balsam. The sections were observed under a light microscope (Leica Application Suite, 4.9.0, Germany).
Immunofluorescence Assay
Immunofluorescence assay was carried out as described previously. 14 In brief, the sections were rinsed with PBS and subsequently incubated in the blocking solution containing normal serum for 30 mins at 37°C. After incubation of primary anti-SREBP2 (1:50) antibody at 4°C overnight, the sections were incubated with the Cy3conjugated secondary antibody at room temperature for 1 hr on the next day. Finally, sections were sealed with an anti-fluorescent quencher and observed under a fluorescence microscope (Olympus, IX53, Tokyo, Japan).
Western Blot Analysis
Western blot analysis was conducted according to the procedures described previously. 15 In brief, the liver tissues were lysed with ice-cold RIPA lysis buffer containing PMSF and protease inhibitors (Thermo Fisher Scientific, MA, USA). The protein concentrations of tissues were determined by the BCA assay kit. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride (PVDF) membrane (Millipore Corp., Billerica, MA). After blocking with 5% non-fat milk for 2 hrs, the PVDF membrane was incubated with the primary antibodies (HMG-CoA, 1:2000; LC3B, 1:2000; p62, 1:2000; Beclin 1, 1:1000; β-actin, 1:5000; GAPDH, 1:5000) overnight at 4°C. The next day, the membrane was incubated with horse radish peroxidase-conjugated secondary antibodies for 1 hr at room temperature. Enhanced chemiluminescence reagents were used to visualize the brands by a Molecular Imager Gel Doc XR System (Bio-Rad, USA). The intensities of the bands were obtained and analyzed using Image J software (NIH, Bethesda, MD, USA).
Cholesterol Content Determination
The concentrations of total cholesterol in the liver of mouse were determined by the total cholesterol assay kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacture's instruction.
Statistical Analysis
Results were obtained from at least three independent experiments and were reported as the mean ± standard deviation. Data were analyzed and plotted using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). Statistical significance was determined using one-way analysis of variance (ANOVA) followed by Tukey's honestly significant difference post hoc test, unless otherwise indicated. Statistical significance level was set at P<0.05.
Results
Pulmonary ZnONPs Exposure Caused the Pathological Changes in Mouse Liver
Unintended exposure to ZnONPs may mainly occur via inhalation, and lung is an undoubted target organ for ZnONPs. 16 Moreover, the long length of airways and a large number of alveoli can provide a large surface area for presenting ultrafine nanoparticle in the lung.
Indeed, adverse systemic effects have been observed after inhalation of ZnONPs. Moreover, inhalation of ZnONPs has been found not only to reduce pulmonary function, but also lead to damage of other organs because of the systemic translocation of nanoparticles via blood circulation. 12, 17 However, there are very few studies to demonstrate the toxicity of ZnONPs on liver via inhalation exposure. Thus, in this study, the animals were administrated intratracheally with low (3 μg/animal), medium (6 μg/animal) and high (12 μg/animal) doses of ZnONPs. The liver tissues were collected on days 1, 3 and 7. H&E staining assay was used to observe the histopathological changes in the liver after airway exposure of ZnONPs. Interestingly, our results found that ZnONPs could induce histopathology deterioration in the mouse liver, manifested by hepatocyte ballooning, abundance of micro and macro vesicles, multi necrotic foci filled with edema and hemorrhage in the central vein ( Figure 1A) . The pathological damages of liver were observed in a dose-related manner for treatment of ZnONPs for 3 days ( Figure 1A ). But after treating of ZnONPs for 7 days, the H&E staining results showed that these pathological changes could partially recover with time after a single dose of ZnONPs treatment ( Figure 1B ). Based on these observations, we chose the time point on day 3 for the following designed experiments.
Pulmonary ZnONPs Exposure Affected the Cholesterol Biosynthesis in Mouse Liver
Liver is the primary site of cholesterol biosynthesis in mammals; 5 begins with the transport of acetyl-CoA from mitochondria to cytosol. The rate-limiting step in cholesterol biosynthesis is catalyzed by the 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. 18, 19 To test whether airway exposure of ZnONPs shows a potential impact on the cholesterol biosynthesis in mouse liver, the protein expression level of HMG-CoA was assessed by Western blot analysis.
Our results demonstrated that the protein expression of HMG-CoA was significantly enhanced by medium and high doses of ZnONPs (Figure 2A and B) . Herein, this increment of HMG-CoA indicated that ZnONPs treatment is capable of provoking the biosynthesis of cholesterol, and further trigger cholesterol accumulation in liver. Sterol regulatory element-binding proteins (SREBPs) are membrane-bound transcription factors that play as the master regulators of cholesterol homeostasis in mammals. 20 Activated SREBPs can bind to specific sterol regulatory element DNA sequences, thus upregulating the synthesis of HMG-CoA and many other enzymes involved in cholesterol biosynthesis. 21 SREBP-2 is the predominant form of SREBPs in liver and it exhibits preference at controlling the expression of genes involved in cholesterol biosynthetic enzymes. 20, 22 Thus, to further test our hypothesis, we detected the expressions of SREBP-2 by using immunofluorescence assay. Our data revealed that the fluorescence intensities of SREBP-2 in ZnONPs-treated mice were much higher than those in the control mice ( Figure 2C and D) . Furthermore, we also found that the total cholesterol was elevated in the liver of mouse upon ZnONPs treatment ( Figure 2E ). These findings suggest that, in response to ZnONPs pulmonary exposure, the activation of SREBP-2 may contribute to the enhancement of HMG-CoA, and thus further leading to the disturbance of cholesterol biosynthesis.
Pulmonary ZnONPs Exposure Induced Autophagy in Mouse Liver
Previous investigation has demonstrated that pharmacological inhibition of autophagy with 3-methyladenine remarkably increased hepatocyte triglyceride content in the absence or presence of exogenous lipid supplementation, indicating that autophagy may play a vital role in the regulation of cholesterol homeostasis. 23 To reveal the potential mechanism underlying how ZnONPs disturbed the biosynthesis of cholesterol, the protein expressions of classical autophagy biomarkers LC3B, p62 and Beclin 1 were detected. Our results showed that ZnONPs markedly increased the levels of LC3B-II ( Figure 3A and B) , p62 ( Figure 3C and D) and Beclin 1 ( Figure 3E and F) in particular dose-dependent manner at post-exposure days 3. The above results indicate that pulmonary ZnONPs exposure is capable of triggering autophagy in the mouse liver tissues, and autophagy may be involved in the ZnONPs-induced disturbance of cholesterol biosynthesis.
Heterozygous Disruption of the Beclin 1 Alleviated the Disturbance of Cholesterol Biosynthesis and Injuries Induced by ZnONPs in Mouse Liver
To further verify whether autophagy regulates the ZnONPsinduced disruption of cholesterol biosynthesis and liver injuries, both the beclin 1 +/+ and beclin 1 +/mice were exposed to ZnONPs via tracheal instillation. After the collection of liver tissues, H&E staining assay firstly observed that heterozygous disruption of the beclin 1 significantly alleviated the pathological damage in mouse liver induced by airway ZnONPs exposure ( Figure 4A ). In the beclin 1 +/mice liver tissues, the elevated protein expression of HMG-CoA triggered by ZnONPs treatment was lower than that in beclin 1 +/+ mice liver ( Figure 4B and C) . Additionally, the down-regulated effect on Beclin 1 protein expression of beclin 1 +/mice was confirmed by using Western blot assay ( Figure 4B and D) . Together, these findings suggest heterozygous disruption of the beclin 1 can show a protective effect against liver injuries and cholesterol biosynthesis disturbance induced by ZnONPs airway exposure. Moreover, these results may indicate inhibition of autophagy by reduction of its essential regulated gene contributes to the beneficial effects for the prevention of ZnONPs liver toxicity.
Discussion
In our previous work, we found that pulmonary ZnONPs' exposure could induce acute lung injury, characterized by histopathological changes, infiltration of inflammatory cells in lung tissues and elevation of total protein and cytokine interleukin-6 in bronchoalveolar lavage fluid in time-and dose-dependent manners. 12 Because of the small size, inhaled ZnONPs are thought to cross the blood-air barrier, and therefore transporting to extrapulmonary organs or tissues through systemic circulation by blood. Indeed, in the tissue biodistribution study on ZnONPs, their data showed that intraperitoneally injected ZnONPs (2.5 g/kg bw) were absorbed into circulation within 30 mins post-dosing, and mainly distributed to the liver, spleen and kidney. 24 12 hrs and in the kidneys after 36 hrs. 25 Consistent with these previous findings, 25, 26 the results obtained in this study also provided evidence that pulmonary exposure of ZnONPs could result in liver pathological damage. The present study aimed to investigate the detail of ZnONP-induced toxic response with a view to better understanding the mechanisms in mouse liver following a single intratracheal instillation. Herein, we chose the intratracheal instillation for the animal model. Inhalation is the primary route for human exposure to ZnONPs in the occupational environment, and exposure to ZnONPs via respiratory tract is known to cause metal fume fever in workers. 16, 26 The exposure dose of nanoparticles by tracheal instillation is uniform and accurate. It is easy for us to ensure the consistent amounts of inhaled nanoparticles per mouse by tracheal instillation. Also, many previous studies used this administration route to reveal the toxicological mechanisms of ZnONPs. 27,28 By using this way, administered ZnONPs can be prepared as an aerosol and spray directly into the airway tract of mice. Moreover, this administration is an effective way to deliver ZnONPs and facilitate its absorption.
In this study, the concentrations of ZnONPs were calculated based on the permissible concentration-time weighted average, the current Chinese occupational exposure limit of ZnONPs at 3 mg/m 3 . The calculation process was described in detail in our previous study. 12 Interestingly, we observed that the pathological changes in mouse liver tissue at day 7 were not more severe than that at day 3 after treatment of ZnONPs. Similar trends were found in the lung tissues, manifested by the significantly reduced bronchoalveolar lavage fluid protein concentrations and lactate dehydrogenase activities to the normal level at day 7. 12 This phenomenon can be partially explained for the metabolism or excretion of nanoparticles via urine or feces with increasing time.
Mounting evidence suggests that exposure to ZnONPs can induce atherosclerotic alterations via direct and indirect actions. This process may involve oxidative stress, inflammation, cholesterol metabolism disorders, etc. [29] [30] [31] Among these potential mechanisms, cholesterol metabolism disorders may be the central part of pathophysiological pathways, linking ZnONPs exposure with atherosclerosis. A recent investigation has shown the evidence that ZnONPs' exposure influences cholesterol metabolism by increasing total cholesterol, lowdensity lipoprotein and visceral fat while decreasing highdensity lipoprotein in blood. 29 Since liver is a significant organ for controlling cholesterol homeostasis, the damage in liver can undoubtedly affect the cholesterol biosynthesis and metabolism. 5 Cholesterol biosynthesis is an enormously intricate and precisely regulated process mainly mediated by ratelimiting enzyme HMG-CoA. 5 In the present study, we observed that the HMG-CoA protein expression was significantly elevated by ZnONPs exposure in mouse liver. Moreover, the master transcriptional regulator of HMG-CoA, SREBP-2 expression level showed a corresponding increase in response to ZnONPs treatment in a dosedependent manner. These findings suggest that the enhancement of cholesterol in blood induced by ZnONPs possibly result from the over-activated cholesterol biosynthesis in liver.
There are two main potential mechanisms to explain how pulmonary ZnONPs exposure can initiate disturbance in cholesterol biosynthesis. On the one hand, ZnONPs deposited in the lung elicit local inflammatory responses that may further develop into systemic inflammation in the whole body organs, including liver. 26 This inflammation reaction in liver can further regulate cholesterol biosynthesis, and therefore promote the excessive production of cholesterol. 32 On the other hand, ZnONPs deposited in the lung can translocate into liver by the systemic circulation in blood and directly interact with liver tissues to induce injury or cholesterol biosynthesis disturbance.
The detailed mechanism underlying how ZnONPs cause cholesterol biosynthesis disturbance in liver remain largely unknown. Autophagy is regarded primarily as cell survival or death response to exogenous substances. It also plays a vital role in various pathologies, including liver diseases. 33 In 2009, for the first time, Singh et al. showed a previously unknown function for autophagy in regulating intracellular lipid stores. They also revealed that inhibition of autophagy in cultured hepatocytes and mouse liver increased triglyceride storage in lipid droplets, suggesting that autophagy could regulate lipid metabolism. 23 Since then, autophagy is considered as a new alternative lipid metabolic pathway and serves as a potential therapeutic target for diseases related to lipid metabolism disorders.
Given that autophagy has been shown to regulate cholesterol metabolism, we assumed that autophagy was involved in the regulation of cholesterol biosynthesis in liver. Based on this assumption, the typical biomarkers of autophagy were detected in response to ZnONPs treatment. Our results found that airway exposure to ZnONPs could trigger autophagy in the liver tissues, manifested by increasing protein expressions of LC3B, p62 and Beclin 1. We further used the beclin 1 +/+ and beclin 1 +/mice to verify our hypothesis. Intriguingly, our data showed inhibition of autophagy by heterozygous disruption of beclin 1 not only extenuated the liver injuries but also relieved the disruption of cholesterol biosynthesis caused by ZnONPs. These findings demonstrate the inter-relationship between autophagy and cholesterol biosynthesis in ZnONPs liver toxicity. Autophagy regulates cholesterol biosynthesis because the loss of autophagy significantly rescues the ZnONPs-triggered HMG-CoA overexpression. Similar results were observed in beclin 1 knockout luteal cells in which fewer lipid droplets were found as compared with control cells. 34 Their findings also revealed the significant differences in the cholesterol biosynthesis genes between wild type and beclin conditional knockout mice, and a significant reduction was found for HMG-CoA in the beclin 1 knockout group. 34 More interestingly, previous studies have proposed the notion that inhibition of HMG-CoA can induce autophagy flux, manifested by LC3-II accumulation. 35 The existing evidence indicates that there is a feedback network between autophagy and cholesterol biosynthesis.
The limitation of the current study is that we do not provide a detailed mechanism of how autophagy (or beclin 1) can regulate cholesterol biosynthesis. Another interesting question is whether other autophagy genes (besides beclin 1) would affect cholesterol biosynthesis. The future work is still required to address the underlying mechanisms on the interactions between autophagy and cholesterol biosynthesis, and also discover more key autophagic genes which can regulate cholesterol biosynthesis. It is expected that the modulation of autophagy might contribute to the prevention and treatment of ZnONPs-induced liver dysfunction.
In summary, we herein demonstrated for the first time that pulmonary exposure of ZnONPs caused the disturbance of cholesterol biosynthesis in mouse liver, and inhibition of autophagy by heterozygous disruption of the beclin 1 was capable of attenuating the disturbance of cholesterol biosynthesis and liver injuries induced by ZnONPs. These findings will provide the novel evidence that inhibition of autophagy by specific strategies will provide us a novel approach for the prevention or therapy of cholesterol biosynthesis disturbance and its related pathologies in liver induced by ZnONPs airway exposure.
